Leptin plays an important role in energy homeostasis and reproductive function in fish, especially in reproduction.
INTRODUCTION
The spawning migration of chum salmon (Oncorhynchus keta) consists of several phases: the initiation of homing behavior, approach to the coast, migration from seawater (SW) to fresh water (FW) and upstream migration (Ueda, 2011) . Maturing chum salmon are regulated by the hypothalamic-pituitary-gonadal (HPG) axis, which controls not only this migration but also the associated process of sexual maturation. It has been found that the exogenous application of gonadotropin-releasing hormones (GnRHs) can activate the HPG axis, accelerating maturation and the timing of FW entry and upstream movement in many species of salmonoids. In fish and other vertebrates, the control of reproduction via GnRHs is a complex process that involves the interaction of a number of factors, including the gonadal steroid hormones known as gonadotropin hormones (GTHs) (Urano et al., 1999; Makino et al., 2007) .
Additionally, chum salmon are semelparous and cease feeding activity before the initiation of upriver migration for spawning. Thus, each individual has only one opportunity to reproduce, and all reproductive activities must be supported by the fish's stored energy. This energy reserve is obtained during SW life and carried to the FW spawning site during migration (Hendry and Berg, 1999; Crossin et al., 2004) .
Recently, several studies have investigated salmon spawning behaviors in view of the absence of food intake during migration. Of interest in this context is leptin, known as the appetite-suppressing hormone (Rønnestad et al., 2010; Trombley and Schmitz, 2013) . As also shown in mammals, leptin is a peptide hormone that plays important roles in energy homeostasis and reproductive function (Zhang et al., 1994) . Leptin is produced and secreted by adipocytes, and circulating leptin levels are proportional to the size of the fat store, thus functioning as a peripheral adiposity signal to the brain (Zhang et al., 1994; Maffei et al., 1995) . Many peptide hormones are involved in the interplay among appetite, metabolic rate, and energy storage. Especially, leptin is most important for its role in the neuroendocrine signaling system (Rayner and Trayhurn, 2001) . Additionally, leptin has demonstrated effects on the regulation of the energy balance through appetite reduction and increased energy consumption (Sahu, 2004) . Leptin is known to maintain energy homeostasis by controlling feeding behavior through complex interactions between neurotransmitters, neuropeptides and other hormones present in the hypothalamus of fish (de Pedro and Björnsson, 2001; Volkoff et al., 2005) .
Most studies on the physiological role of leptin in teleosts address its function in appetite, body weight regulation, and metabolism. However, the possible role of leptin in teleost reproduction remains largely unexplored (Denver et al., 2011; Trombley and Schmitz, 2013) .
A previous study, confined to the role of leptin in sex maturation and reproduction in fish, has reported that human leptin protein, acting at the level of the pituitary, directly stimulated follicle-stimulating hormone (FSH) and luteinizing hormone (LH) release in female rainbow trout (Oncorhynchus mykiss) (Weil et al., 2003) .
Additionally, recent studies have reported that sex steroid hormones, e.g., estradiol-17 (E 2 ) play an important role in determining the plasma concentration of leptin in mammals (Cella et al., 2000; Kikuchi et al., 2001) . To date, however, few studies have addressed the mechanisms of action of leptin and E 2 in fish.
The steroid hormone estrogen is essential in reproduction and plays important roles in sexual maturation and differentiation, including oogenesis, vitellogenesis, and testicular development. In addition, estrogen influences growth, gonad sex differentiation, and the reproductive cycle and lipid and bone metabolism through mechanisms mediated primarily by nuclear estrogen receptors (ERs) (Ryffel, 1978; Ishibashi and Kawashima, 2001) .
The induction of vitellogenin (VTG), a precursor yolk protein, in response to estrogens by an ER-mediated pathway is well documented in several oviparous (egglaying) fish species (Ryffel, 1978) . In largemouth bass (Micropterus salmoides) and Atlantic salmon (Salmo salar), ERα is highly correlated with VTG mRNA levels in the liver during the spawning phase (Sabo-Attwood et al., 2004; Meucci and Arukwe, 2006) .
Additionally, another hormone, cortisol, is commonly known as the SW adaptation hormone. However, in species such as salmon, whose life cycles include both SW and FW phases, cortisol is involved in FW adaptation via interaction with prolactin (PRL) in conjunction with ionic regulation in FW as well as SW (Laurent and Perry, 1990; Zhou et al., 2004) . However, cortisol is known to increase the concentration of leptin. It also has effects on appetite and energy balance prior to sexual maturity (Reid and Weber, 2000; Rayner and Trayhum, 2001) .
In addition, the timing of sexual maturation and spawning in fish may be affected by artificial endocrine regulation and environmental parameters such as water temperature, photoperiod, and salinity (i.e., FW and/or SW adaptation) (Hirano et al., 1990; Pankhurst and Thomas, 1998; Duncan et al., 2000) . Furthermore, the behavior and physiology of migrating fish such as salmonoids are also affected by external environmental factors such as photoperiod and water temperature (Duncan et al., 2000) . Changing salinity is one of the most important environmental factors that directly influence spawning migration. However, little information is available about the effects of changes in environmental salinity on sex steroid hormones and maturation (Hirano et al., 1990) . Previous studies have shown that the maturation that occurs as fish move from SW to FW can be regulated by GnRHa treatment (Cooperman et al., 2010) , the HPG axis, and PRL, all of which act as FW adaptation hormones during spawning migration (Onuma et al., 2005; Kim et al., 2013) .
This study conducted experiments on adult female chum salmon. Three experimental groups were investigated (SW, 50% SW, and FW), corresponding to the changes in salinity from coastal areas (SW) upstream to the hatchery area (FW). Fish were progressively transferred/adapted from the coastal area through a series of hypo-osmotic environments (SW50% SWFW). We investigated the possible effects of these changes on the maturity and sex maturation hormones. In adult female chum salmon transferred from coastal SW to an artificially hypo-osmotic environment (SW50% SWFW), we examined the expression of leptin; the appetite-suppressing ER hormones ER, ER1, and ER2; the sex steroid hormone receptor; VTG; precursor yolk protein mRNA; and the levels of plasma leptin, E 2 , and cortisol. These effects were investigated in the context of the relationship between physiological changes and salinity changes.
MATERIALS AND METHODS

Experimental fish
Mature female chum salmon (average length, 62.47.4 cm; weight, 2.620.57 kg; gondosomatic index [GSI, gonad weight/body weight], 18.33.8; hepatosomatic index [HSI, liver weight/body weight], 2.30.7) were collected from Ishikari Bay, Hokkaido, Japan (a coastal marine area) on October 15, 2011 and transported to Hanazono, Hokkaido, Japan. The fish were maintained in four 200-L tanks for the duration of the experiment (3 days).
The transfer of the chum salmon from SW (35 psu) to FW (0 psu) followed a specific procedure. The salmon were acclimated in a square tank filled with SW. Ground water was then added to the tank to achieve a concentration of 50% SW (17.5 psu). The fish were maintained in this water for 24 h, after which more ground water was added to completely dilute the tank water to FW. The fish were then held for an additional 24 h. The water temperature was maintained at 200.5C. Fish were not fed during the experimental period.
Sampling
The liver and gonad were collected from 5 randomly selected fish from each salinity group (SW, 50% SW, and FW) 24 h after transfer. The organs were immediately frozen in liquid nitrogen and stored at 80C until total RNA extraction was performed. Additionally, blood was collected from the caudal vasculature using a 3-mL heparinized syringe and centrifuged (10,000g, 4C, 5 min). The plasma was then stored at 80C until analysis.
Quantitative PCR (QPCR)
Quantitative PCR (QPCR) was conducted on the total RNA extracted from the liver and gonad of chum salmon to determine the relative expression of leptin, ERs (ER, ER1, and ER2), and VTG mRNA using a TRIzol kit (Gibco/BRL, USA). Primers for QPCR were designed with reference to the known sequences of chum salmon, which are shown in Table 1 . QPCR amplification was conducted using a BIO-RAD CFX96 Real-Time System (Bio-Rad, Hercules, CA, USA). QPCR was performed as follows: 1 cycle of denaturation at 95C for 5 min, 35 cycles of denaturation at 95C for 20 s, and annealing at 55C for 20 s. For each experimental group, QPCR was run in triplicate to confirm consistency. Additionally, as an internal control, the experiments were repeated using -actin, which gave a reaction efficiency of 95.7%. All data were expressed as change with respect to the corresponding -actin-calculated cycle threshold (Ct) levels. The calibrated Ct value (Ct) for each sample and the internal control (-actin) was calculated as Ct = 2^(ΔCt sample ΔCt internal control ). In addition, to ensure that the primers amplified a specific product, we performed a melting curve analysis, which showed that the products of each primer pair had a single melting point.
Western blot analysis
Total protein was extracted from the gonad and liver of female chum salmon using a protein extraction buffer (5.6 mM Tris, 0.55 mM EDTA, 0.55 mM EGTA, 0.1% SDS, 0.15 mg/mL PMSF, and 0.15 mg/mL leupeptin). It was then sonicated and quantified using the Bradford method (BioRad). Total protein (30 g per lane) was loaded onto a 4% acrylamide stacking gel and a 12% acrylamide resolving gel, and a protein ladder (Bio-Rad) was used for reference. Samples were electrophoresed at 80 V through the stacking gel and at 150 V through the resolving gel until the bromophenol blue dye front had run off of the gel. The gels were then immediately transferred to a 0.2-m polyvinylidene difluoride membrane (Bio-Rad) at 85 V for 1.5 h at 4C. The membranes were then blocked with 5% milk in Tris-buffered saline (TBS) (pH 7.4) for 45 min and subsequently washed in TBS. The membranes were incubated with ER antibodies (ER, dilution 1:1,000, Sigma, St Louis, MO, USA; ER, dilution 1:4,000, Santa Cruz Biotech, CA, USA), followed by horseradish peroxidase-conjugated anti-rabbit (ER) and mouse (ER) IgG secondary antibodies (dilution 1:5,000; Bio-Rad) for 60 min. In addition, the membranes were incubated with VTG antibodies (dilution 1:4,000), followed by horseradish peroxidase-conjugated anti-mouse IgG secondary antibodies (dilution 1:5,000; Bio-Rad) for 60 min. The internal control was -tubulin (dilution 1:5,000; ab6046, Abcam, Cambridge, UK), followed by horseradish peroxidase-conjugated anti-rabbit IgG secondary antibodies (dilution 1:5,000; Bio-Rad) for 60 min. Bands were detected using Western Bright ECL (Advansta, Menlo Park, CA, USA) with a 30 s exposure, using a Molecular Imager ChemiDoc XRS+ Systems (Bio-Rad). The membrane images were scanned by a high resolution scanner and the band density estimated using a computer program (Image Lab Software, version 3.0, Bio-Rad). The ratio of internal control (-tubulin)/ERs (ER and ER) or VTG for each concentration was calculated and plotted against the concentration of the internal control.
Plasma parameter analysis
Plasma leptin (EL012870FI; Cusabio Biotech, Hubei, China), E 2 (E13017Fh; Cusabio Biotech), and cortisol (E08487f: Cusabio Biotech) levels were analyzed using the enzyme-linked immunosorbent assay (ELISA) kit.
An anti-antibody specific to the antibody and antigen of the hormones (leptin, E 2 , and cortisol) was pre-coated onto a microplate, followed by 50 L of plasma and 50 L of HRP-conjugate. These were mixed well and then incubated for 1 h at 37C. Following the last wash, any remaining Wash Buffer was aspirated or decanted off, and 50 L of substrate solution was added to each well. The substrate solutions were then incubated for 15 min at 37C in the dark, during which they changed from colorless or light blue to darker shades of blue. Following incubation, 50 L of stop solution was added to each well, resulting in a color change from blue to yellow. The optical density of the solution in each well was then determined within 10 min using a microplate reader set to 450 nm.
Statistical analysis
All data were analyzed using the SPSS statistical package (version 10.0; SPSS Inc., Chicago, IL, USA). A one-way analysis of variance followed by a Tukey post hoc test was used to test for significant differences in the data (p<0.05). Values are expressed as the meanSE.
RESULTS
Expression of leptin mRNA during salinity change
The expression of leptin mRNA in the liver was significantly higher (approximately 1.8-fold) following transfer to FW than in 50% SW and SW. The plasma leptin concentration was 1,401.9112.1 pg/mL in the SW control group. Following the transfer to 50% SW, the plasma leptin level was maintained at 1,517.3121.0 pg/mL. The plasma leptin level increased significantly to 2,617.7200.2 pg/mL following transfer to FW (approximately 1.7-and 1.9-fold higher than in 50% SW and SW, respectively) (Figure 1 ).
Expression of ER mRNA during salinity change
The Western blot analysis detected ER proteins whose sizes corresponded to the predicted sizes for chum salmon (approximately ER, 66 kDa; ER, 56 kDa) and exhibited similar patterns of mRNA expression across the 3 salinity groups (Figure 2 ). In addition, ER and ERs mRNA expression in gonad were significantly higher following the transfer to FW (approximately 2.2-, 1.4-, and 2.57-fold higher for ER, ER1, and ER2, respectively) than in 50% SW and SW (Figures 2A and 2B) .
Plasma E 2 assay
The plasma E 2 levels were 221.248.0 pg/mL in SW and 406.646.0 pg/mL following the transfer to 50% SW. Following the transfer to FW, the plasma E 2 levels increased significantly to 2,659.9300.2 pg/mL (approximately 6.5-and 11.9-fold greater than the corresponding levels for 50% SW and SW, respectively) ( Figure 3 ). Expression and protein levels of ERs in gonad of female chum salmon after salinity transfer from seawater (SW, 35 psu) to freshwater (FW, 0 psu). Western blot of (A) ER (66 kDa) and ER (56 kDa) in gonad of chum salmon during the salinity change, with -tubulin (55 kDa) as the internal control. Additionally, expression of (A) ER, (B) ER1, and ER2 in gonad of female chum salmon during salinity change based on quantitative real-time PCR. Values are meansSE (n = 5). Letters shown with means indicate significant differences between SW, 50% SW, and FW within the same time period after salinity change (p<0.05).
Expression of VTG mRNA during salinity change
The expression of VTG mRNA and VTG protein in the liver is shown in Figure 4 . The Western blot analysis detected a VTG protein of a size that corresponded to the predicted size for chum salmon (approximately 178 kDa). This protein exhibited similar mRNA expression across all 3 salinity groups ( Figure 4A ). In addition, VTG mRNA expression in liver was significantly higher following transfer to FW (approximately 7.3-and 152.5-fold higher, respectively) than in 50% SW and SW ( Figure 4B ).
Changes in plasma cortisol levels
The plasma cortisol levels were 4.60.3 pg/mL in the SW control group. The plasma cortisol levels were maintained at 4.30.3 pg/mL following transfer to 50% SW but increased significantly to 5.60.3 pg/mL following transfer to FW.
DISCUSSION
This study was conducted to address the effects of the transition to the parent stream in adult female chum salmon. The study only controlled the salinity change during the transition from the coastal SW environment to the hatchery FW environment (upstream). The expression and concentration of leptin in relationship to appetitesuppressing hormones (ERs) and VTG mRNA were compared following the transfer of migrating adult female chum salmon from SW to an artificially hypo-osmotic environment (SW50% SWFW). In addition, changes in salmon plasma leptin and E 2 levels in response to these salinity changes were examined. Our findings suggest that the process of sexual maturation is affected by salinity changes during migration in chum salmon.
The expression of mRNA in liver and the plasma concentration of leptin increased in FW as a result of the artificial change in environmental salinity (Figure 1) . In a similar result found by a previous study, the leptin mRNA expression pattern of Arctic charr (Salvelinus alpinus) increased seasonally in autumn. This effect was interpreted as a result of changes in adiposity. Alternatively, however, the effect could be related to maturation, as all fish matured during the study (Frøiland et al., 2010) . Additionally, in another salmonoid species, the ayu (Plecoglossus altivelis), higher levels of circulating leptin were detected during and after spawning in both males and females, and the appetite decreased during sexual maturation (Nagasaka et al., 2006) . The results of the current study suggest that maturationrelated hormones increased as a result of the artificial change in environmental salinity from FW to SW and that the amount of leptin also increased.
ERs and VTG genes are involved in the development and maturity of oocytes in teleosts, is E 2 (Nagahama et al., 1995; Tyler and Sumpter, 1996) . They are also involved in the maturation of oocytes after the synthesis of VTG through the binding of E 2 and ERs in the liver (Flouriot et al., 1996; Bowman et al., 2002; Davis et al., 2009) .
In this study, the transition from SW to FW was associated with increases in the expression of ER, ER1, ER2, and VTG mRNA in the gonad and liver. It was also associated with increases in plasma E 2 and VTG (Figures 2,  3 , and 4). Previous studies have shown that gonadal maturation in chum salmon is primarily regulated by elevated sex steroid hormones such as E 2 , testosterone (T) and 11-ketotestosterone (11-KT) during the spawning migration (Swanson et al., 2003; Onuma et al., 2009 ). Additionally, Makino et al. (2007) have reported that elevated levels of sex steroid hormones, such as E 2 and T, are associated with FW adaptation in pre-spawning chum salmon.
Furthermore, the increase in GnRH stimulates the synthesis and secretion of PRL in the pituitary of FWadapted masu salmon (Hirano, 1987; Onuma et al., 2009 ). Nagasaka et al. (2006) have reported that leptin levels, PRL, and E 2 also increase during spawning season and that PRL and E 2 are also involved in leptin secretion, suggesting that PRL and E 2 may directly or indirectly stimulate leptin production. The production of leptin could be responsible for the anorexigenic effect. The plasma E 2 levels increased in FW (Figure 3 ), suggesting that increased E 2 levels are associated with increased concentrations of leptin. This mechanism is associated with ecological processes because the salmon do not eat when they migrate upstream.
The levels of cortisol, ERs, and VTG increased in FW (Figure 5 ), supporting the findings of previous studies (Rayner and Trayhum, 2001; Nagasaka et al., 2006) that showed that increased concentrations of estrogen and cortisol directly increase leptin, are involved in appetite, energy balance, and growth, and accelerate the secretion of GnRH to induce sexual maturation.
Cortisol is involved in FW adaptation in fish through interaction with PRL adaptation in conjunction with ionic regulation in both FW and SW (Laurent and Perry, 1990; Zhou et al., 2004) . Slater et al. (1995) have reported that in the sockeye salmon (O. nerka), the percentage of spawning in a FW environment was found to be higher than that in SW during the same time period. As noted above, the acceleration of final maturation and ovulation by hormonal induction combined with an SW to FW transition may shorten the period for maturation and ovulation (Slater et al., 1995) . In this context, as shown in the current study, the activity of the HPG axis is an effected by the endocrine system. For example, homeostatic mechanisms maintain the salinity and water balance of migrating salmon, even if the salinity of the environment is changed artificially (hyper-osmotic environment  hypo-osmotic environment). Therefore, environment of salinity change affects the secretion of sex steroid hormones.
In brief, we found that i) leptin acts in chum salmon to influence the development of ovarian hormones and to store the energy reserves required for the synthesis of sex hormones during a change in salinity and ii) the salinity change also produces changes in ERs that affect maturation and spawning by stimulating VTG subunits and plasma E 2 . These findings suggest that an artificial hypo-osmotic environment induced the synthesis of leptin, which was directly involved in the feeding inhibition and homeostasis of the salmon. In turn, leptin affects the ERs, VTG, and cortisol, allowing chum salmon to achieve sexual maturation and reproduction through the activation of the HPG axis. Figure 5 . Plasma cortisol levels during salinity change in female chum salmon. Values are meansSE (n = 5). Letters shown with means indicate significant differences between SW, 50% SW, and FW within the same time period after salinity change (p<0.05).
